We describe a simple entangling principle based on the scattering of photons off single emitters in one-dimensional waveguides (or extremely lossy cavities). The scheme can be applied to polarizationor time-bin-encoded photonic qubits, and features a filtering mechanism that works effectively as a built-in error-correction directive. This automatically maps imperfections from the dominant sources of errors into heralded losses instead of infidelities, something highly advantageous, for instance, in quantum information applications. The scheme is thus adequate for high-fidelity maximally entangling gates even in the weak-coupling regime. These, in turn, can be directly used to store and retrieve photonic-qubit states, thereby completing an atom-photon interface toolbox, or applied to sequential measurement-based quantum computations with atomic memories. Introduction.-Photons constitute the most natural system to transport qubits (quantum bits) [1] . They have been dubbed "flying qubits" for the ease with which they can be sent to distant locations. On the other hand, due to their stability and long-coherence properties, atoms offer a physical realization of "stationary qubits." Controlled interactions between photons and atoms [2] are thus crucial for quantum networking [3] . In this respect, maximally entangling gates stand out. They are used for state-transfer from atoms to photons [4] , or vice versa [3] to entangle distant atoms via flying photons [3, 5] or different flying photons via atoms [6] and, ultimately, for measurement-based quantum computations sequentially distributed among hybrid atomic-photonic systems [7, 8] .
Introduction.-Photons constitute the most natural system to transport qubits (quantum bits) [1] . They have been dubbed "flying qubits" for the ease with which they can be sent to distant locations. On the other hand, due to their stability and long-coherence properties, atoms offer a physical realization of "stationary qubits." Controlled interactions between photons and atoms [2] are thus crucial for quantum networking [3] . In this respect, maximally entangling gates stand out. They are used for state-transfer from atoms to photons [4] , or vice versa [3] to entangle distant atoms via flying photons [3, 5] or different flying photons via atoms [6] and, ultimately, for measurement-based quantum computations sequentially distributed among hybrid atomic-photonic systems [7, 8] .
The dominant approach to single-atom-single-photon interaction has focused on the strong-coupling regime, particularly for atoms in high-finesse optical cavities [2] [3] [4] [5] [6] . There, the coherent interaction between the atom and the cavity mode dominates over cavity leakage and atomic decay. However, despite remarkable progress [2] [3] [4] [5] [6] , the strong-coupling regime remains challenging for single cavity-emitter setups and poses a formidable obstacle for cascaded arrangements, as required for quantum networks. An alternative is to exploit the so-called Purcell regime [9] , where the cavity-atom coupling is stronger than the atomic decay rate, but not the cavity-loss rate. The cavity is then typically referred to as a bad cavity, with an enhancement of the atomic spontaneous-emission rate into the cavity output as the main effect (the Purcell effect), instead of coherent oscillations. This particular form of weak-coupling regime is less technically demanding and still allows for interesting state manipulations [9] .
In fact, this is exploited in a recent proposal [10] where a single quantum emitter is coupled to a one-dimensional (1D) waveguide, which can be thought of as a cavity in the limit of infinite losses, exhibiting tight transverse field confinement. This confinement induces a strong emitterfield coupling, which, it turns out, can yield very high Purcell factors P , indicating the system operates deep in the Purcell regime [10] . With this, an entanglement between flying photons and the emitters can in principle be created via resonant 1D scattering [11, 12] in the waveguide. This promising idea has several potential implementations [13] [14] [15] [16] . Nonetheless, because of emitter decay and finite coupling strengths, all physical setups are restricted to finite P . Moreover, the scattering quality is, in addition, affected by nonzero photonic bandwidths or detunings, and so is the absorption probability, so that the scattering event may not even take place at all.
In this paper, we propose a practical scheme for singleemitter-single-photon interfacing that circumvents these limitations. Physical errors from weak couplings, atomic decay into undesired modes, frequency mismatches, or finite bandwidths of the incident photonic pulses are mapped into heralded photon losses instead of computational errors. This is a highly desirable feature for quantum communication or computation. It is achieved with a scattering configuration that swaps the polarization of photons, so that nonscattered photons can automatically be discarded through polarization filtering. Furthermore, even for faulty processes, e.g., those operating at low P , the correct-polarization output photons imprint a phase in the internal state of the emitter. We exploit this for maximally entangling gates between stationary qubits encoded in the ground states of optical emitters in 1D waveguides and flying qubits encoded in either the polarization or the time of arrival (time bin [17] ) of photons. In addition, the gates allow for the storage or retrieval of flying qubits, as well as measurement-based quantum computations sequentially distributed among the singleemitter quantum memories. [10] uses a three-level emitter, with levels |g and |e coupled via the waveguide, and a third metastable level |s coupled to |e only via classical fields. In an ideal situation, an incident photon (black) is fully reflected (green), for |g , or goes freely through (blue), for decoupled state |s . In a faulty scattering though, there is a transmitted component (red) even for |g . (b) In the present setup the scatterer has twofold degenerate ground and excited states |g± and |e± , respectively, coupled by parallel transitions through orthogonally polarized waveguide photons. Even for imperfect scattering processes, if the photon is output with the correct polarization, a high-fidelity phase gate is successfully applied on the emitter. A detection of an incorrectly polarized output, on the other hand, heralds a failure. A 50/50 beam splitter (BS) and two mirrors (M1 and M2) maximize the probability of success (see text).
1D photon scattering.-A two-level emitter, with ground and excited states |g and |e , respectively, dipolecoupled to a 1D continuum of electromagnetic modes can, ideally, act as a perfect photon mirror [12] . Specifically, when the excited state is decoupled from any additional channels, incident photons centered in a narrow bandwidth around resonance are fully reflected due to the destructive interference between the reemitted and the (nonabsorbed) incident wave functions. Technically, for an incident photon in state |Ψ = dzψ(z, t)|z , a perfect reflection leads to |Ψ . = − dzψ(−z, t)|z , while a perfectly transmitted (freely propagating) photon remains in |Ψ . Here, z is the spatial coordinate along the waveguide, taken as positive to the right and negative to the left, with the origin z = 0 at the atom's position; t is the time, with the origin t = 0 at the scattering instant; |z is the state of a photon at z; and ψ(z, t) ≡ ψ(t − z/c) is a normalized wave function, where c is the photonic group velocity inside the waveguide: c > 0 (c < 0) for photons propagating to the right (left). The global minus sign in the definition of |Ψ comes from the absorption and subsequent reemission.
Perfect 1D scattering can be used to create emitterphoton qubit entanglement.
Consider an extra metastable level |s decoupled from the waveguide light [10] [see Fig. 1 (a) ]. A stationary qubit can then be encoded in the stable atomic manifold, {|0 a . = |s , |1 a . = |g }, and a flying qubit in the spatial wave function of single photons,
where |Ψ R and |Ψ L represent incident wave packets with the same waveform but propagating from left to right and vice versa,
. Therefore, since |0 a is decoupled, a perfect process executes the maximally entangling gate |µ a |ϕ p → (−X p ) µ |µ a |ϕ p , where |ϕ p is any photonic-qubit state, X p the corresponding first Pauli matrix, and µ = 0 or 1.
In practice, however, the reemitted amplitude is weaker than the incident one and cannot cancel it. There is always a transmitted part [10] . For incident state |Ψ , the photon comes out in |Φ = |Φ t + |Φ r , with transmitted and reflected components |Φ t = dzφ t (z, t)|z and |Φ r = dzφ r (−z, t)|z , respectively, with [10] [11] [12] 
Here, Γ . = Γ 1D + Γ is the total atomic decay rate, with Γ 1D (Γ ) the rate of atomic decay into the waveguide (out of the waveguide, e.g., emission into free space, or nonradiative dissipation), and ω 0 is the atomic transition frequency. |Φ refers to the state-component left in the waveguide, so it is normalized only when the Purcell factor P . = Γ 1D /Γ is infinite. In particular, for finite Γ and Γ 1D → ∞, a Dirac delta appears in the integrand of Eq. (1b), so that φ r (z, t) = −ψ(0, t − z/c) ≡ −ψ(t − z/c) ≡ −ψ(z, t) and one has a perfect reflection: |Φ = |Φ r = |Ψ . Accordingly, the probability of photon loss is κ . = 1 − Φ|Φ . Apart from P , another relevant figure of merit is the reflection fidelity f . = − Ψ|Φ r , which measures how close to a perfect reflection the process is and can also be affected by frequency detunings or nonzero photonic bandwidths. In terms of P and f , the probability of photon transmission and reflection are given, respectively, by [10] [11] [12] 
. A maximally entangling gate can only be obtained for P → ∞ and f = 1, because only then does one have
). The lower R is, the lower the fidelity of the resulting gate.
As a simple example, imagine an incident photon spontaneously emitted, at rate γ, by a distant emitter. In this case, the photon has a half-exponential waveform of bandwidth γ. Equation (1b) is then immediately integrated to yield f = (1 + P −1 + γ/Γ 1D − i2δ/Γ 1D ) −1 , where δ is the detuning from ω 0 . Notice that even if P → ∞ and δ ≈ 0, already for γ ≈ Γ 1D , f (and therefore also R) decreases to 1/2. This would indeed be the case when emitter and scatterer are of the same species. More generally, this limitation is a serious drawback for short pulses, as those used in time-bin qubits [1, 17] .
High-fidelity interaction from imperfect processes.-Consider now a four-level emitter, with degenerate ground and excited states |g ± and |e ± [see Fig. 1 (b) ]. These are coupled via parallel dipole transitions |g ± ↔ |e ± , associated with the absorption from, or emission to, the waveguide of σ ± -polarized photons. σ + and σ − denote two orthogonal polarizations as, for instance, the right-and left-handed circular polarizations along the waveguide. The waveguide is taken as the atomic quantization axis. An incident photon of spatial wave function |Ψ and polarization σ ± scatters as
If, instead, the photon is in the linear-polarization state |h . = (|σ
where |v . = (|σ + − |σ − )/ √ 2 is the vertical linearpolarization state. Now, the scattering generates a vpolarized component. More importantly, while for hpolarized outgoing photons nothing happens to the emitter, a state-dependent π-phase shift on the emitter accompanies the v-polarized component of Eq. (3). This phase shift will be the basis of our entangling gates.
To maximize the v-polarized component, the input photon is coherently split into two halves that scatter simultaneously, each incident from a different side [see Fig. 1 (b) ]. Next, the reflected and transmitted components of each half are coherently joined back into a single packet, which exits the beam splitter (BS) through the same mode it was input. Then, (|Ψ − |Φ )/2 = −|Φ r , and discarding the h-polarized output from Eq. (3), one gets
where |ϕ a is any atomic-qubit state in the basis {|0 a . = |g − , |1 a . = |g + }. For perfect scattering processes, |Φ r = −|Ψ , and therefore the success probability p s . = Φ r |Φ r is 1. No photon is lost then. On the other hand, for imperfect processes, with P < ∞, |Φ r = −|Ψ , and output photons with h polarization are detected. These are discarded, and the corresponding gate runs fail. However, the important thing is that the fidelity of gate (4) is not altered; only p s is. Next, we show how to exploit the successful Z a gates for high-fidelity entangling schemes.
Entangling gate for time-bin flying qubits.-The first photonic-qubit encoding we consider is the time of arrival [17] , consisting of incident pulses that arrive either at some "early" scattering time t e , defined as the state |Ψ te , at some "later" time t l > t e [17] , defined as |Ψ t l , or in any superposition of the latter two states. The qubit basis is {|0 p .
The final ingredient of the protocol is the application of a Hadamard gate H a to the atomic qubit between t e and t l : if the photon arrives at t e , the emitter undergoes first Z a and then H a , whereas if it arrives at t l , the order of the gates is reversed. Since Z a and H a do not commute, the overall stationary-qubit gate is controlled by the flying qubit's state. The composite unitary transformation
is local-unitarily equivalent to the well-known controlledphase gate, and is therefore also maximally entangling. Entangling gate for polarization flying qubits.-The other encoding considered is photon polarization. We define it by {|0 p . = |v , |1 p . = |h }. In this case, the active application of H a is replaced with the passive interferometer shown in Fig. 2 . First, the |0 p and |1 p components of an incident photon are spatially split by a polarizing beam splitter (PBS). |1 p goes through both PBS1 and PBS2 towards the scattering setup, whereas component |0 p is reflected up the other arm of the interferometer by PBS1. For unsuccessful events, |1 p exits the scattering setup with the same polarization, h. It is therefore transmitted back through PBS2 and PBS1, and detected in h as before, heralding the failure of the gate run. On the other hand, for successful Z a gates the polarization is swapped. Since it is then v-polarized, the pulse is reflected up by PBS2, after which it is rotated back to |h by a half-wave plate (HWP). Finally, |0 p and |1 p are rejoined by PBS3. At the output of PBS3, the total composite unitary transformation is the controlled-phase gate
For successful events of imperfect processes, i.e., where the polarization is swapped but |Φ r = −|Ψ in Eq. (4), the spatial wave functions of the packets meeting at PBS3 no longer coincide. Therefore, unless the waveforms are matched, the output polarization qubit may be correlated with different spatial states. An experimentally relevant situation where this can be easily overcome is for incident photons with bandwidth much narrower than Γ 1D , so that ψ(z, t) is approximated in Eq. (1b) by a plane wave. In this case the waveform associated with |1 p is |Φ r ≈ −k|Ψ , with |k| < 1. To compensate for this, a waveform corrector (WFC) in the |0 p arm maps |Ψ to k|Ψ . This slightly decreases the overall success probability, but leaves the fidelity intact. When the photon-atom detuning δ is zero, k ∈ [0, 1), and the WFC consists of an attenuator (e.g., a BS) of transmissivity k. If δ = 0, k ∈ C, and the WFC simply includes also a phase modulator [18] . In the general situation |Φ r = |Ψ , the WFC can be realized by a second scattering block, identical to that of Fig. 1 (b) , but with the emitter permanently in |g + (or |g − ), preceded by a quarter wave plate to rotate |0 p to |σ + (or |σ − ). With this, the associated wave packet is mapped from |Ψ to |Φ r without entangling with the second scatterer, thus achieving the desired matching.
Quantum memories and quantum computations.-These maximally entangling gates, together with singlequbit gates and measurements, allow for efficient measurement-based quantum computations sequentially distributed (by the flying qubits) among distant nodes of a quantum network [7, 8] . The underlying model is the one-way quantum computer [24] , but the approaches of Refs. [7, 8] have the advantages that (i) only the relevant pieces of the cluster are created (and almost immediately consumed) [8] , (ii) the total number of required stationary qubits is drastically smaller than in the oneway model [8] , and (iii) every flying qubit interacts with at most two stationary ones, and typically with only one [7, 8] .
Since these models are universal [7, 8] , they include the creation of multipartite entanglement among different scatterers, or simply the storage, and later retrieval, of flying qubits, so that each emitter works as a quantum memory. The storage consists essentially of maximally entangling the incident photon with the emitter, with a subsequent measurement on the outgoing photon. The retrieval, in turn, is done by maximally entangling a second photon with the emitter qubit, in the stored state, followed by a measurement on the emitter. As a result, the second photon takes the stored state away with it.
Feasibility.-For artificial solid-state emitters, such as quantum dots [15] or nitrogen-vacancy centers [16] , coupled to photonic nanowires or photonic-crystal waveguides, P > 20 has been demonstrated [15] . This corresponds to p s > 0.95, thus providing a candidate for implementation. In addition, the observed decay rate is Γ 1D > 1 GHz [15] , so that photons with pulse durations of around tens of nanoseconds can scatter with excellent reflection fidelities. For the time-bin scheme, the Hadamard gate needed between the |0 p and |1 p components can be implemented in picoseconds [20] . Then, the total duration of the gate would be comparable to the coherence time of bare quantum dots [19, 20] . Nevertheless, by quantum-controlling the surrounding nuclearspin bath, this can be enhanced by up to two orders of magnitude [21] .
Other potential setups are atoms coupled to hollow fiber cores [13] or ultrathin nanofibers [14] . The modest Purcell factors (P 1) there are enough to yield p s 0.5. In addition, whereas coupling atoms to fibers is still challenging, the techniques progress remarkably fast [13, 14] , and atoms provide coherence times as high as seconds. Finally, several groups have demonstrated the strong coupling of a single atom without a cavity with a tightly focused laser [22] . When this is properly mode-matched to the atomic emission, the description also resembles 1D atom-photon scattering.
Heralded losses versus infidelities.-Turning errors into detectable losses is advantageous for quantum information, as low efficiencies are typically simpler to handle than low fidelities. For example, the most optimistic thresholds of error rate per gate for fault-tolerant quantum computing are below 3% [23] . In contrast, the oneway quantum computer [24] , as well as its sequential counterparts [7, 8] considered here, can cope with loss rates close to 50% [25] , and heralded gate-failure rates above 90% [26] . Another example is long-distance quantum communication with quantum repeaters [27] . There, if an entangled pair is lost, one reestablishes the repeater link simply by distributing a new pair, but if the distributed pairs are faulty, their infidelity propagates exponentially with the number of links.
Conclusion-We have proposed a simple scattering configuration for photons and optical emitters in 1D waveguides. This allows for probabilistic maximally entangling gates between stationary and flying qubits. Faulty interactions are tagged with an orthogonal output polarization, which can be immediately discarded, rendering a built-in error-heralding mechanism. This turns gate infidelities into heralded losses. The gates then either succeed with perfect fidelity or fail in a heralded manner, but are in principle never faulty. We have estimated success probabilities for current setups that range from 50% to as high as 95%. The gates are thus adequate for the storage or retrieval of flying-qubit states, and for measurement-based multiparty-state preparations, or quantum computations, sequentially distributed among distant emitters.
